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INTRODUCTION {#jipb12475-sec-0003}
============

In the 1960s, Mitchell proposed that respiratory and light‐induced photosynthetic electron transport are coupled with proton (H^+^) transport across the mitochondrial inner membrane and chloroplast thylakoid membrane, thus generating a proton motive force (pmf) used to drive ATP synthase and produce ATP (Mitchell [1966](#jipb12475-bib-0030){ref-type="ref"}). According to this hypothesis, the pmf is composed of two components, the transmembrane proton gradient (ΔpH) and the electric field gradient (ΔΨ), which are thermodynamically equivalent (Mitchell [1961](#jipb12475-bib-0029){ref-type="ref"}, [1966](#jipb12475-bib-0030){ref-type="ref"}). Due to the low permeability of the inner mitochondrial membrane to ions, ΔΨ is the predominant component of the pmf, while the contribution of ΔpH is smaller, as ΔpH across this membrane is only approximately 0.5 (Mitchell [1966](#jipb12475-bib-0030){ref-type="ref"}). However, the contribution of ΔpH to pmf is significantly higher in chloroplasts, where the ΔpH across thylakoid membrane is thought to be approximately 2.0 (with a lumen pH \> 5.8) during photosynthesis (Kramer et al. [2003](#jipb12475-bib-0022){ref-type="ref"}). It has been suggested that approximately 50% of the pmf can be stored as ΔΨ (Cruz et al. [2001](#jipb12475-bib-0009){ref-type="ref"}). In addition, the pmf has also been proposed to be stored almost entirely as ΔpH in the chloroplast (Johnson and Ruban [2014](#jipb12475-bib-0017){ref-type="ref"}). In both cases, the ΔΨ must be dissipated rapidly to maintain high proton levels in the thylakoid lumen, which is essential for activating energy‐dependent nonphotochemical quenching (NPQ) of absorbed excess light, and for restricting photosynthetic electron transport under high light or CO~2~‐limited conditions in higher plants (Hope et al. [1994](#jipb12475-bib-0016){ref-type="ref"}; Niyogi [1999](#jipb12475-bib-0034){ref-type="ref"}).

Numerous electrophysiological studies using the thylakoid membrane have demonstrated that ion counterbalancing via the influx of anions (such as chloride (Cl^−^)) and efflux of cations (such as potassium (K^+^) and magnesium (Mg^2+^)) across the thylakoid membrane is essential for ΔΨ dissipation (Hind et al. [1974](#jipb12475-bib-0015){ref-type="ref"}; Schönknecht et al. [1988](#jipb12475-bib-0040){ref-type="ref"}; Pottosin and Schönknecht [1996](#jipb12475-bib-0039){ref-type="ref"}). However, the molecular machinery responsible for ion movement has long been unclear. Recently, Carraretto et al. ([2013](#jipb12475-bib-0005){ref-type="ref"}) identified a two‐pore K^+^ channel, AtTPK3, which is essential for light utilization and dissipation. AtTPK3 is located on the stroma thylakoid and is activated by Ca^2+^ and a high concentration of H^+^. Electrochromic shift (ECS) analysis revealed an increase in ΔΨ and a decrease in ΔpH in *TPK3*‐silenced *Arabidopsis thaliana* plants (Carraretto et al. [2013](#jipb12475-bib-0005){ref-type="ref"}), indicating that TPK3 is involved in pmf partitioning through mediating efflux of K^+^ from the thylakoid lumen during photosynthesis. In cyanobacteria, a six transmembrane‐domain K^+^ channel, SynK, modulates the balance between ΔΨ and ΔpH (Checchetto et al. [2012](#jipb12475-bib-0006){ref-type="ref"}). Both *TPK3*‐silenced *Arabidopsis* plants and the SynK‐less cyanobacterial mutant have enhanced photosensitivity under high light intensities (Checchetto et al. [2012](#jipb12475-bib-0006){ref-type="ref"}; Carraretto et al. [2013](#jipb12475-bib-0005){ref-type="ref"}). KEA3 is a H^+^/K^+^ antiporter present in the thylakoid membrane that is thought to mediate H^+^ efflux from the thylakoid lumen and K^+^ influx from the chloroplast stroma under certain conditions, such as a shift from high light to low light (Armbruster et al. [2014](#jipb12475-bib-0001){ref-type="ref"}; Kunz et al. [2014](#jipb12475-bib-0023){ref-type="ref"}). Not only does KEA3 replenish K^+^ levels in the thylakoid lumen, but it also accelerates downregulation of NPQ via a rapid efflux of H^+^ after a transition to low light (Armbruster et al. [2014](#jipb12475-bib-0001){ref-type="ref"}). Therefore, K^+^ channels and H^+^/K^+^ antiporters in the thylakoid form an intricate network that mediates K^+^ transport across the thylakoid and fine‐tunes photosynthesis in response to fluctuating environments.

In addition to K^+^ channels, Cl^−^ channel activity has also been detected in the thylakoid membranes of higher plants and algae (Schönknecht et al. [1988](#jipb12475-bib-0040){ref-type="ref"}; Pottosin and Schönknecht [1995](#jipb12475-bib-0038){ref-type="ref"}, [1996](#jipb12475-bib-0039){ref-type="ref"}). Of the seven Cl^−^ channel (CLC) proteins encoded by the *Arabidopsis* genome, only one, ClCe, is located in the thylakoid membrane (Marmagne et al. [2007](#jipb12475-bib-0027){ref-type="ref"}; Lv et al. [2009](#jipb12475-bib-0026){ref-type="ref"}; Barbier‐Brygoo et al. [2011](#jipb12475-bib-0002){ref-type="ref"}). However, ClCe does not contain a selectivity motif for Cl^−^ transport (Barbier‐Brygoo et al. [2011](#jipb12475-bib-0002){ref-type="ref"}) and it was proposed that ClCe transports ${NO}_{3}^{-}$ instead of Cl^−^ (Monachello et al. [2009](#jipb12475-bib-0031){ref-type="ref"}). Thus, it is unclear what type of Cl^−^ channel/transporter is responsible for the Cl^−^ channel activity in photosynthetic membranes, although this activity was detected almost 30 years ago (Schönknecht et al. [1988](#jipb12475-bib-0040){ref-type="ref"}; Pottosin and Schönknecht [1995](#jipb12475-bib-0038){ref-type="ref"}, [1996](#jipb12475-bib-0039){ref-type="ref"}).

Bestrophin family proteins are believed to function as Ca^2+^‐activated Cl^−^ channels in mammalian cells (Sun et al. [2002](#jipb12475-bib-0042){ref-type="ref"}; Dickson et al. [2014](#jipb12475-bib-0011){ref-type="ref"}). The first reported bestrophin gene, *VMD2*, was discovered in human; several point mutations in this gene (which encodes hBest1) cause Best vitelliform macular dystrophy (Petrukhin et al. [1998](#jipb12475-bib-0036){ref-type="ref"}). Recently, high‐resolution crystal structures of chicken Best1 (cBest1) and the Best complex from *Klebsiella pneumoniae* (KpBest) were resolved at 2.85 Å and 2.3 Å, respectively (Dickson et al. [2014](#jipb12475-bib-0011){ref-type="ref"}; Yang et al. [2014](#jipb12475-bib-0046){ref-type="ref"}). Both bestrophins form a stable pentamer, and each subunit has four transmembrane domains. Although cBest1 is a Ca^2+^‐activated Cl^−^ channel, the KpBest complex was proposed to be a cation channel (such as Na^+^), and Ca^2+^ is not required for its activation (Dickson et al. [2014](#jipb12475-bib-0011){ref-type="ref"}; Yang et al. [2014](#jipb12475-bib-0046){ref-type="ref"}). These findings suggest that both the function and regulatory mechanism of bestrophin proteins have diversified during evolution.

In this study, we showed that a bestrophin‐like protein (AtBest) from *Arabidopsis* reduces the ΔΨ component of the pmf during photosynthesis. AtBest is a member of the bestrophin family and is located in the thylakoid membrane. Our results demonstrated that AtBest may represent a previously unknown ion channel responsible for Cl^−^ channel activity in photosynthetic membranes. This activity plays an important role in photoprotection for plants under fluctuating environmental conditions, as it counterbalances the flux of ions across the thylakoid and modulates the partitioning of the pmf.

RESULTS {#jipb12475-sec-0004}
=======

Isolation and phenotype of the *atbest* mutant {#jipb12475-sec-0005}
----------------------------------------------

The mutant *atbest1‐1* was isolated from an ethyl methanesulfonate (EMS)‐mutagenized *Arabidopsis* mutant pool constructed in our laboratory using an IMAGING‐PAM fluorometer (Walz, Effeltrich, Germany) according to the low level of NPQ following a 40‐s illumination (Figure [1](#jipb12475-fig-0001){ref-type="fig"}). We designated this mutant *atbest1‐1* because the mutated gene encodes a bestrophin family protein in *Arabidopsis*. As shown in Figure [1](#jipb12475-fig-0001){ref-type="fig"}A and 1B, NPQ was transiently induced to approximately 0.8 within 40 s in WT plants during the dark‐to‐light (50 μmol photons · m^−2^ · s^−1^) transition. However, NPQ levels were significantly lower (∼0.5, *P* \< 0.01, Student\'s *t*‐test) after 40 s of illumination in *atbest1‐1* compared to the WT (Figure [1](#jipb12475-fig-0001){ref-type="fig"}A, B). Due to the activation of ATP synthase, NPQ is rapidly relaxed within 2 min of induction; similar levels of NPQ were found between WT and *atbest1‐1* after 2 min of illumination (Figure [1](#jipb12475-fig-0001){ref-type="fig"}A, B). Genetic mapping of the mutant gene revealed a single mutation (G‐to‐A) at nucleotide position 1,153 bp of the *At3g61320* (*AtBest1*) gene relative to the ATG codon, resulting in a premature stop codon (Figure [1](#jipb12475-fig-0001){ref-type="fig"}E). To confirm that the mutation in *At3g61320* is responsible for the observed phenotype, we analyzed the T‐DNA insertion line *atbest1‐2* (Figure [1](#jipb12475-fig-0001){ref-type="fig"}E). Reverse transcription (RT)‐PCR analysis did not detect any transcripts for this allele after 35 cycles of PCR (Figure [1](#jipb12475-fig-0001){ref-type="fig"}G), indicating that it is a null mutant. Both alleles exhibited the same phenotype during NPQ induction (Figure [1](#jipb12475-fig-0001){ref-type="fig"}A).

![**Identification and characterization of the *atbest* mutants** **(A, C)** Growth and nonphotochemical quenching (NPQ) phenotypes of the *atbest* mutants. Four‐week‐old plants grown on soil at 80 µmol photons · m^−2^ · s^−1^ (left panels). The photosynthetic parameter NPQ was measured upon illumination for 40 s using an Imaging PAM system (right panels). Signal intensities for NPQ/4 are indicated according to the color scale (0 to 1.0) on the right. WT, wild type; *atbest*, *atbest1‐1 atbest2‐1* double mutant; *oeAtBest1* and *oeAtBest2*, *atbest* mutant complemented with the CDS of *AtBest1* and *AtBest2*, respectively, under the control of the CaMV 35S promoter. **(B, D)** NPQ induction curves of the *atbest* mutants and wild‐type plants. NPQ was calculated as (Fm‐Fm\')/Fm\'. Data are presented as the means ± *SD* (*n* = 3). **(E)** Schematic representation of *AtBest1* and *AtBest2* and the positions of the T‐DNA insertions and single mutation. **(F)** RT‐PCR analysis of transcript levels of *AtBest* in the mutants. *ACT7* was used as a control. **(G)** Transcript abundance of *AtBest1* and *AtBest2* by real‐time quantitative RT‐PCR. Error bars indicate ±*SD* (*n* = 3). Asterisks indicate the expression level of *AtBest1* and *AtBest2* differ significantly (\*\**P* \< 0.01, Student\'s *t*‐test).](JIPB-58-848-g002){#jipb12475-fig-0001}

A BLAST search revealed that the product of *At2g45870* (*AtBest2*) is a bestrophin‐like protein that shares 76/85% sequence identity/similarity with AtBest1 (Figures S1, S2). Quantitative real‐time PCR revealed that the expression level of *AtBest2* was only approximately 10% that of *AtBest1* in mature *Arabidopsis* leaves (*P* \< 0.01, Student\'s *t*‐test, Figure [1](#jipb12475-fig-0001){ref-type="fig"}G), indicating that AtBest1 is the predominant form. Consistent with this finding, the T‐DNA insertion mutant *atbest2‐1* exhibited the same NPQ induction phenotype as the WT, and the phenotype of the *atbest1‐1 atbest2‐1* double mutant was similar to that of *atbest1* (Figure [1](#jipb12475-fig-0001){ref-type="fig"}A, B). Furthermore, the double mutant overexpressing *AtBest1* or *AtBest2* exhibited accelerated NPQ activation kinetics and higher maximum NPQ levels compared with WT plants during the dark‐to‐light transition (Figure [1](#jipb12475-fig-0001){ref-type="fig"}C), indicating that the phenotype of the double mutant can be fully restored by *AtBest1* or *AtBest2*. These results indicate that AtBest1 and AtBest2 have redundant functions in *Arabidopsis*. We used the double mutant *atbest1‐1 atbest2‐1* in subsequent experiments and designated this mutant *atbest*.

No visible phenotype was observed for *atbest* under our growth chamber conditions (Figure [1](#jipb12475-fig-0001){ref-type="fig"}A, B). Blue native (BN)‐PAGE and immunoblot analyses showed that the levels of major photosynthetic complexes such as photosystem II (PSII), PSI (PsaA and PsaD), Cyt *b~6~f* (cytochrome *b~6~f* complex), and ATP synthase were identical between *atbest* and the WT (Figure S3). The NDH (NADH dehydrogenase‐like complex) and PGR5/PGRL1 complexes are involved in cyclic electron transport around PSI in higher plants. The levels of the subunits of these complexes, NdhH and PGRL1, were also not affected in *atbest*. The thylakoid protein PsbS is essential for qE activation; similar levels of PsbS were detected in *atbest* and WT plants (Figure S3). These results indicate that AtBest is not required for the accumulation of thylakoid complexes and factors involved in cyclic electron transport and NPQ induction.

AtBest localizes to the stroma thylakoid in chloroplasts {#jipb12475-sec-0006}
--------------------------------------------------------

Both AtBest proteins are predicted to have a chloroplast localization signal peptide in their N‐termini, suggesting that they are localized to the chloroplast (Figures [2](#jipb12475-fig-0002){ref-type="fig"}A, S1). To confirm this hypothesis, GFP (green fluorescent protein)‐tagged AtBest fusion proteins were expressed in protoplasts (Figure [2](#jipb12475-fig-0002){ref-type="fig"}B). AtBest‐GFP fluorescence exclusively co‐localized with chloroplasts, but its fluorescence pattern differed from that of GFP fused with Tic20, a chloroplast envelope protein, which produced ring‐shaped signals surrounding the central red chlorophyll fluorescence signal (Figure [2](#jipb12475-fig-0002){ref-type="fig"}B). These results suggest that AtBest is a chloroplast protein that is not localized to the chloroplast envelope. To further investigate the precise localization of AtBest in chloroplasts, we raised a specific polyclonal antibody against AtBest. Signals from a protein with a molecular mass of approximately 37 kDa were detected in the membrane fractions of WT and *atbest2‐1*, but they were absent in the membrane fractions of *atbest1‐1*, *atbest1‐2*, and *atbest* as well as in the stromal fractions of WT and *atbest* plants (Figure [2](#jipb12475-fig-0002){ref-type="fig"}C), implying that AtBest is a membrane protein. Further subfractionation of the chloroplast membrane and immunoblot analysis demonstrated that AtBest1 is mainly localized to the stroma thylakoid (Figure [2](#jipb12475-fig-0002){ref-type="fig"}D).

![**AtBest is localized to the stroma thylakoid in chloroplasts** **(A)** Schematic protein structure of hBest1, AtBest1, and AtBest2. Chloroplast‐targeting peptide (cTP) and transmembrane domains are indicated by green and brown boxes, respectively. **(B)** Subcellular localization of AtBest by GFP assay. AtBest1‐GFP, AtBest1‐GFP fusion; AtBest2‐GFP, AtBest2‐GFP fusion; Chl‐GFP, chloroplast control; Mit‐GFP, mitochondrial control; Tic20‐GFP, Tic20‐GFP fusion as a chloroplast envelope localization control. Bars = 5 μm. **(C, D)** Immunolocalization analysis of AtBest. Intact chloroplasts isolated from various genotypes were fractionated into membrane and stromal fractions, and immunoblot analyses were performed. D1 and RbcL were used as loading and fractionation controls (**C**). Total chloroplast membrane was further separated into envelope membrane, grana thylakoids, and stroma thylakoids, and immunoblot analysis was performed with specific antibodies against AtBest, D1, CF~1~β, and Tic40 (**D**). \*Non‐specific signal. **(E)** Trypsin digestion analysis. Immunoblot analysis of AtBest, PGRL1, and PsbO in thylakoids before (0 min) and after (10 and 20 min) treatment with trypsin (10 μg/mL). **(F)** Schematic representation of the topology of AtBest in the thylakoid. Trypsin cleavage sites in AtBest1 are indicated by asterisks. **(G)** The tertiary structure of the AtBest channel predicted by SwissModel using KpBest as template.](JIPB-58-848-g003){#jipb12475-fig-0002}

AtBest was predicted to have four transmembrane domains (TMD1‐4) and to lack the long but diverse C‐terminal domain present in animal bestrophins (Figures [2](#jipb12475-fig-0002){ref-type="fig"}A, S1). This C‐terminal domain is believed to mediate protein--protein interactions (Milenkovic et al. [2008](#jipb12475-bib-0028){ref-type="ref"}). To determine the topology of AtBest1 in the thylakoid membrane, we digested thylakoid membranes with trypsin. Immunoblot analysis showed that AtBest is resistant to trypsin treatment, like the luminal protein PsbO (Figure [2](#jipb12475-fig-0002){ref-type="fig"}E). As expected, PGRL1 was digested within 10 min, since its C‐ and N‐termini protrude into the stroma. These results imply that the C‐ and N‐termini, as well as the loop between TMD2 and TMD3 of the AtBest1 protein, are present in the thylakoid lumen (Figure [2](#jipb12475-fig-0002){ref-type="fig"}F). Based on its similarity to the cBest1 and KpBest channels (Dickson et al. [2014](#jipb12475-bib-0011){ref-type="ref"}; Yang et al. [2014](#jipb12475-bib-0046){ref-type="ref"}), AtBest may also form a pentamer and our digestion experiment indicated that the outer entryway for ions in the AtBest channel is exposed to the chloroplast stroma, and the export aperture is located in the thylakoid lumen (Figure [2](#jipb12475-fig-0002){ref-type="fig"}G).

Enhanced thylakoid lumen size in the *atbest* mutant {#jipb12475-sec-0007}
----------------------------------------------------

We investigated the thylakoid architecture of *atbest* using transmission electron microscopy (TEM). Although grana thylakoids had developed and were connected by the stroma lamellae in *atbest*, the grana were loosely stacked and the stroma thylakoid system was not well organized (Figure [3](#jipb12475-fig-0003){ref-type="fig"}A). Moreover, in most of the chloroplast of *atbest*, the thylakoid lumen thickness was 20.2 ± 2.5 nm, almost twice as wide as that of the WT (10.2 ± 0.6 nm) (*P* \< 0.01, Student\'s *t*‐test, Figure [3](#jipb12475-fig-0003){ref-type="fig"}B), indicating that AtBest is also involved in regulating thylakoid lumen size.

![**Electron micrographs of chloroplasts from the wild type and *atbest* mutants** **(A)** Chloroplasts from three‐week‐old wild type (WT) and *atbest* plants observed by transmission electron microscopy (bars = 1 µm). Magnified views (bars = 0.2 µm) are shown below their respective counterparts. **(B)** Thylakoid lumen thickness was calculated as described previously (Kirchhoff et al. [2011](#jipb12475-bib-0021){ref-type="ref"}). Error bars indicate ±*SD* (*n* = 15). Asterisks indicate that thylakoid lumen thickness between WT and *atbest* differ significantly (\*\**P* \< 0.01, Student\'s *t*‐test).](JIPB-58-848-g004){#jipb12475-fig-0003}

AtBest plays an essential role in modulating pmf partitioning and NPQ induction {#jipb12475-sec-0008}
-------------------------------------------------------------------------------

AtBest belongs to the bestrophin family (Figures S1, S2), which are believed to function as Cl^−^ channels. Furthermore, the topology of AtBest in the thylakoid indicates that AtBest may mediate Cl^−^ flux from chloroplast stroma into thylakoid lumen (Figure [2](#jipb12475-fig-0002){ref-type="fig"}F, G). Due to the potential sensitivity of the pmf to changes in ion flux during photosynthesis, it is likely that the formation and/or regulation of the pmf across the thylakoid membrane would be affected by the absence of AtBest. To investigate this possibility, we performed electrochromic shift (ECS) measurements to estimate pmf and its two components, the membrane potential (ΔΨ) and H^+^ gradient (ΔpH), both of which drive H^+^ efflux via ATP synthase (Schreiber and Klughammer [2008](#jipb12475-bib-0041){ref-type="ref"}). ECS is the transient red‐shift of carotenoid and chlorophyll absorption bands that occurs when the thylakoid electric field forms during photosynthesis (Junge and Witt [1968](#jipb12475-bib-0018){ref-type="ref"}; Witt [1971](#jipb12475-bib-0045){ref-type="ref"}). Due to the quadratic and linear dependencies of ECS on the electric field, the peak of the ECS signal at approximately 515 nm (ΔA~515~) is widely used to estimate the size of the pmf and its two components. As expected, the *atbest* mutant displayed a significant increase in total pmf and ΔΨ compared with WT plants at low (89 µmol photons · m^−2^ · s^−1^, *P* \< 0.01, Student\'s *t*‐test), moderate (325 µmol photons · m^−2^ · s^−1^, 0.01 \< *P* \< 0.05, Student\'s *t*‐test), and high (754 µmol photons · m^−2^ · s^−1^, 0.01 \< *P* \< 0.05, Student\'s *t*‐test) light intensities (Figure [4](#jipb12475-fig-0004){ref-type="fig"}A). By contrast, a slight decrease in ΔpH was observed in the *atbest* mutant compared to WT plants at various light intensities (Figure [4](#jipb12475-fig-0004){ref-type="fig"}A). These results imply that AtBest is essential for dissipation of ΔΨ and modulation of pmf partitioning.

![**AtBest plays an essential role in modulating pmf partitioning and NPQ induction** **(A)** The proton motive force (pmf) across the thylakoid membrane. The pmf was determined based on the slow relaxation phase of the ECS signal after illumination with light intensities of 89 (left), 325 (middle), or 754 (right) µmol photons · m^−2^ · s^−1^ for 10 min. The pmf was further partitioned into the pH gradient component (ΔpH) and the electric field component (ΔΨ). Asterisks indicate where WT and *atbest* differ significantly (\*0.01 \< *P* \< 0.05, \*\**P* \< 0.01, Student\'s *t*‐test). **(B)** NPQ induction curves of wild type (WT) and *atbest* mutant plants. NPQ was determined upon illumination with light intensities of 89, 325, or 754 µmol photons · m^−2^ · s^−1^. NPQ was calculated as (Fm‐Fm′)/Fm′. **(C)** H^+^ conductivity via ATP synthase (g~H~ ^+^) in WT and *atbest* plants. g~H~ ^+^ was inferred from the fast decay kinetics of the ECS signal during a short dark interval after a 10‐min illumination with 89 (left), 325 (middle), or 754 (right) µmol photons · m^−2^ · s^−1^ light intensity. Asterisks indicate where WT and *atbest* differ significantly (\*0.01 \< *P* \< 0.05, \*\**P* \< 0.01, Student\'s *t*‐test). All of the data are presented as the means ± *SD* (n = 3).](JIPB-58-848-g005){#jipb12475-fig-0004}

To characterize the effects of the absence of AtBest on the regulation of photosynthesis in detail, we measured NPQ induction under various light conditions. The defects in chloroplast pH homeostasis and pmf partitioning in the *atbest* mutant may result in altered NPQ induction in response to excess light. As shown in Figure [4](#jipb12475-fig-0004){ref-type="fig"}B, induction of NPQ was less efficient in the *atbest* mutant than in WT plants within 2 min of the dark‐to‐light transition. However, after illumination for 2 min at low light intensity or 4 min at moderate or high light intensities, the NPQ levels in *atbest* were almost identical to those in WT plants (Figure [4](#jipb12475-fig-0004){ref-type="fig"}B). These results imply that the NPQ capacity is not affected in the mutant, but that the induction of NPQ is kinetically less efficient. It is likely that the AtBest‐mediated influx of Cl^−^ into the thylakoid lumen plays a critical role in rapid formation of ΔpH gradient via dissipation of ΔΨ, as observed in our ECS analysis (Figure [4](#jipb12475-fig-0004){ref-type="fig"}A).

The rapid decay of ECS signals after illumination (g~H~ ^+^) reflects the H^+^ conductivity of the thylakoid membrane through ATP synthase and can be used to evaluate ATP synthase activity (Schreiber and Klughammer [2008](#jipb12475-bib-0041){ref-type="ref"}). Since the two components of pmf are thermodynamically equivalent driving forces of ATP synthase, we also investigated the effects of AtBest deletion on the ECS parameter g~H~ ^+^ (Figure [4](#jipb12475-fig-0004){ref-type="fig"}C). Unexpectedly, g~H~ ^+^ was slightly reduced in the *atbest* mutant at low, moderate, and high light intensities (Figure [4](#jipb12475-fig-0004){ref-type="fig"}C), although the total pmf was enhanced (Figure [4](#jipb12475-fig-0004){ref-type="fig"}A). Perhaps the altered thylakoid structure in *atbest* affects the movement of H^+^ in the thylakoid lumen or, more directly, affects the activity of ATP synthase. In the presence of the H^+^/K^+^ exchanger nigericin, which is usually used to dissipate ΔpH without affecting ΔΨ, the g~H~ ^+^ was reduced in both WT and *atbest* plants, as expected (Figure [4](#jipb12475-fig-0004){ref-type="fig"}C). In contrast to our finding that the g~H~ ^+^ was slightly lower in *atbest* than in WT in the absence of nigericin (Figure [4](#jipb12475-fig-0004){ref-type="fig"}C), the g~H~ ^+^ in the *atbest* mutant was slightly higher than that in WT plants in the presence of nigericin, especially under high light irradiance (Figure [4](#jipb12475-fig-0004){ref-type="fig"}C, *P* \< 0.01, Student\'s *t*‐test). Perhaps this result is due to the ΔΨ component of pmf being higher in the *atbest* mutant than in WT plants (Figure [4](#jipb12475-fig-0004){ref-type="fig"}A), which results in a higher driving force for ATP synthase in *atbest* than in the WT.

AtBest is required for photoprotection under fluctuating light conditions and in the field {#jipb12475-sec-0009}
------------------------------------------------------------------------------------------

To investigate the physiological role of AtBest, we exposed plants to alternating cycles of 60 s of low light (50 μmol photons · m^−2^ · s^−1^) and 120 s of high light (700 μmol photons · m^−2^ · s^−1^) and measured NPQ induction. As shown in Figure [5](#jipb12475-fig-0005){ref-type="fig"}A, NPQ induction was less efficient during the transition from low to high light (Figure [5](#jipb12475-fig-0005){ref-type="fig"}A). Since NPQ is thought to play a significant role in protecting PSII from photoinhibition caused by absorbed excess light, it is likely that Atbest is required for photoprotection under fluctuating light conditions. Indeed, the ratio of variable fluorescence to maximum fluorescence (Fv/Fm), which reflects the maximum potential capacity of the photochemical reactions of PSII, was reduced in *atbest* plants grown in the field compared with WT plants (Figure [5](#jipb12475-fig-0005){ref-type="fig"}B). On rainy days, the WT and mutant plants exhibited similar levels of photoinhibition. However, on sunny days, stronger photoinhibition was observed in *atbest* compared to WT plants. No difference in Fv/Fm was found between *atbest* and WT plants grown in the greenhouse (Figure [5](#jipb12475-fig-0005){ref-type="fig"}B). We also investigated the light intensity dependence of NPQ to analyze subtle defects in the photosynthetic activity of the *atbest* mutant grown in the greenhouse or field (Figures S4, S5). NPQ was not affected in mutant plants grown in the greenhouse under constant low light intensity (Figure [5](#jipb12475-fig-0005){ref-type="fig"}C, E), which is consistent with the finding that there was no difference in Fv/Fm level between WT and *atbest* plants (Figure [5](#jipb12475-fig-0005){ref-type="fig"}B). For plants grown in the field, however, NPQ levels were significantly lower in *atbest* than in the WT at light intensities of more than 300 µmol photons · m^−2^ · s^−1^ (Figure [5](#jipb12475-fig-0005){ref-type="fig"}D, F, *P* \< 0.01, Student\'s *t*‐test). These results, together with the reduced Fv/Fm observed in the *atbest* mutant grown in the field, highlight that AtBest is important for photoprotection of plants in the field.

![**AtBest is required for efficient NPQ induction under fluctuating light conditions and in the field** **(A)** Induction of NPQ in fluctuating light. Dark‐adapted plants were illuminated with fluctuating light of 50 µmol photons · m^−2^ · s^−1^ for 1 min and 700 µmol photons · m^−2^ · s^−1^ for 2 min, and NPQ was measured. Means ± *SD* (n = 3). **(B)** Photoinhibition in the field. Three‐week‐old wild‐type (WT) and *atbest* plants grown in the greenhouse were shifted to the field (from 20 Sept to 4 Oct, 2015), and Fv/Fm was measured each day at 2:00 PM. Weather conditions for each day are indicated with symbols (sunny, cloudy, and rainy). Asterisks indicate that Fv/Fm is significantly lower in *atbest* than in the WT (\*0.01 \< *P* \< 0.05, \*\**P* \< 0.01, Student\'s *t*‐test). **(C, D)** Images of NPQ levels at a light intensity of 701 µmol photons · m^−2^ · s^−1^ for wild‐type and mutant plants grown in the greenhouse (**C**) or in the field (**D**). Light intensity dependence of NPQ was measured using an IMAGING‐PAM fluorometer with a series of light intensities (21, 56, 81, 281, 531, 701, and 926 µmol photons · m^−2^ · s^−1^). The NPQ image was captured after 2 min illumination with 701 µmol photons · m^−2^ · s^−1^ red light. Signal intensities for NPQ/4 are indicated according to the color scale from 0 to 1.0 on the left. **(E, F)** Light curves of NPQ for WT and *atbest* plants grown in the greenhouse (**E**) or in the field (**F**). The values were deduced based on images of NPQ at various light intensities (Figure S4). Asterisks indicate where WT and *atbest* differ significantly (\*0.01 \< *P* \< 0.05, \*\**P* \< 0.01, Student\'s *t*‐test) **(F)**.](JIPB-58-848-g006){#jipb12475-fig-0005}

DISCUSSION {#jipb12475-sec-0010}
==========

In this study, we identified and characterized a potential Cl^−^ channel, AtBest, in chloroplasts (Figure [1](#jipb12475-fig-0001){ref-type="fig"}). AtBest may mediate Cl^−^ transport from the chloroplast stroma into the thylakoid lumen when photosynthetic electron transport is activated, which is essential for dissipation of the electric field gradient across the thylakoid (Figures [2](#jipb12475-fig-0002){ref-type="fig"}--4). Based on our results and earlier reports (Checchetto et al. [2012](#jipb12475-bib-0006){ref-type="ref"}; Carraretto et al. [2013](#jipb12475-bib-0005){ref-type="ref"}; Armbruster et al. [2014](#jipb12475-bib-0001){ref-type="ref"}; Kunz et al. [2014](#jipb12475-bib-0023){ref-type="ref"}; Herdean et al. [2016](#jipb12475-bib-0014){ref-type="ref"}), we propose a model for the regulation of thylakoid pmf in the chloroplast (Figure [6](#jipb12475-fig-0006){ref-type="fig"}). Activation of photosynthetic electron transport, including linear electron transport and cyclic electron transport around PSI, results in the accumulation of H^+^ in the thylakoid lumen, leading to the formation of a large ΔΨ component. The K^+^ channel AtTPK3 and Cl^−^ channel AtBest are activated to mediate the efflux of K^+^ and influx of Cl^−^, respectively. Under certain conditions, such as a shift from high light to low light or darkness, the H^+^/K^+^ antiporter KEA3 mediates K^+^ uptake into the thylakoid lumen. The identity of the molecule responsible for Cl^−^ efflux is still unclear. Since the CLCe is the only CLC family member located on the thylakoid membrane, this molecule may function as an H^+^/Cl^−^ antiporter or Cl^−^ channel that mediates the efflux of Cl^−^ from the thylakoid lumen (Marmagne et al. [2007](#jipb12475-bib-0027){ref-type="ref"}; Lv et al. [2009](#jipb12475-bib-0026){ref-type="ref"}; Barbier‐Brygoo et al. [2011](#jipb12475-bib-0002){ref-type="ref"}; Herdean et al. [2016](#jipb12475-bib-0014){ref-type="ref"}). Through this type of ion counterbalancing, electroneutrality in the thylakoid lumen is maintained and partitioning of the pmf between ΔΨ and ΔpH is precisely regulated to ensure the balance of efficient light utilization and dissipation of excess light excitation energy (Figure [6](#jipb12475-fig-0006){ref-type="fig"}).

![**Possible model for Cl^--^ and K^+^ flux across the thylakoid membrane during photosynthesis** Activation of linear and cyclic electron transport leads to the formation of a proton motive force across the thylakoid membrane, which is composed of two components, ΔΨ and ΔpH. To dissipate ΔΨ rapidly, the K^+^ channel AtTPK3 and Cl^−^ channel AtBest are activated to mediate K^+^ efflux and Cl^−^ influx, respectively. Under certain conditions (such as a shift from high light to low light or darkness), the H^+^/K^+^ antiporter KEA3 mediates K^+^ uptake into the thylakoid lumen. The molecule responsible for Cl^−^ efflux is still unclear; ClCe protein may be involved in this process.](JIPB-58-848-g007){#jipb12475-fig-0006}

AtBest is located in the thylakoid membrane and is a bestrophin family protein (Figures [2](#jipb12475-fig-0002){ref-type="fig"}, S1, S2). In addition to occurring in mammals, bestrophin proteins are ubiquitous in phototrophs, including angiosperms, bryophytes, and cyanobacteria (Figure S2). Like mammalian bestrophin proteins, bestrophin proteins from phototrophs also contain four transmembrane domains, suggesting that these homologs share a similar structure (Figures [2](#jipb12475-fig-0002){ref-type="fig"}F, G, S2). In 1988, Schönknecht and coworkers recorded a voltage‐dependent Cl^−^ channel with a high unitary conductance (∼65 pS, at 30 mM Cl^−^) in the thylakoid membranes by patch‐clamp technology (Schönknecht et al. [1988](#jipb12475-bib-0040){ref-type="ref"}). The question now arises whether AtBest is responsible for the Cl^−^ channel activity detected by Schönknecht and coworkers in 1988. Mammalian bestrophin proteins usually have a very low conductance (0.2−2 pS) and belong to the Ca^2+^‐activated anion channel family (Sun et al. [2002](#jipb12475-bib-0042){ref-type="ref"}; Fischmeister and Hartzell [2005](#jipb12475-bib-0012){ref-type="ref"}; Chien et al. [2006](#jipb12475-bib-0007){ref-type="ref"}; Pifferi et al. [2006](#jipb12475-bib-0037){ref-type="ref"}). Thus, AtBest is unlikely to be responsible for the Cl^−^ channel activity detected in thylakoid membranes by Schönknecht and coworkers. However, protein alignment and phylogenetic tree analyses showed that amino acids in phototrophic bestrophin proteins show high diversity compared with their counterparts in mammals (Figures [2](#jipb12475-fig-0002){ref-type="fig"}A, S1, S2). For example, the residues forming the Ca^2+^ sensing apparatus in animal bestrophin are not conserved in AtBest (Dickson et al. [2014](#jipb12475-bib-0011){ref-type="ref"}; Figure S1), suggesting that Ca^2+^ is not required for AtBest channel activation in chloroplasts. These facts suggest that, during evolution, bestrophin proteins in phototrophs may have acquired different electrophysiological properties from those in mammals. The mechanism of activation and regulation of AtBest should be investigated in future studies.

Although the *atbest* mutant showed no visible phenotype under greenhouse conditions, a stronger photoinhibition phenomenon was observed in *atbest* mutant plants grown in the field (Figure [5](#jipb12475-fig-0005){ref-type="fig"}). How does AtBest protect higher plants from photoinhibition in the field? A significant increase in ΔΨ and a slight decrease in ΔpH were observed in the absence of AtBest, resulting in an increase in total pmf (Figure [4](#jipb12475-fig-0004){ref-type="fig"}). High ΔΨ is thought to promote the recombination of P680^+^ with Phe^−^ or Q~A~ ^−^ in PSII, thereby enhancing the formation of ^1^O~2~, which is highly active and toxic to the PSII complex (Bennoun [1994](#jipb12475-bib-0004){ref-type="ref"}). Furthermore, activation of NPQ was less efficient in *atbest* when the plants were transiently shifted from low light to high light intensities and in the field (Figure [5](#jipb12475-fig-0005){ref-type="fig"}). Energy‐dependent non‐photochemical quenching (qE, the main component of NPQ) is also critical for resistance against photoinhibition by reducing the formation of ^1^O~2~ in PSII (Li et al. [2000](#jipb12475-bib-0024){ref-type="ref"}; Müller et al. [2001](#jipb12475-bib-0032){ref-type="ref"}). Thus, enhanced formation of ^1^O~2~ in PSII may be one reason for the stronger photoinhibition detected in *atbest* plants.

The thylakoid luminal compartment was significantly larger in *atbest* than in WT plants (Figure [3](#jipb12475-fig-0003){ref-type="fig"}), which may also lead to the stronger photoinhibition observed in the *atbest* mutant. A similar phenotype was observed in sunlight‐grown *Monstera* plants (Demmig‐Adams et al. [2015](#jipb12475-bib-0010){ref-type="ref"}) and in *Arabidopsis* plants treated with moderate light (Kirchhoff et al. [2011](#jipb12475-bib-0021){ref-type="ref"}; Tsabari et al. [2015](#jipb12475-bib-0044){ref-type="ref"}). Altered luminal volume is believed to play critical roles in modulating photosynthetic electron transfer, photoprotection, and efficient repair of damaged photosystem II. Ion flux through the thylakoid membrane during photosynthesis may modify the size of the thylakoid lumen, and net influx of Cl^−^ into the lumen may lead to its swelling (Tsabari et al. [2015](#jipb12475-bib-0044){ref-type="ref"}). However, our results show that the thylakoid lumen was also swollen in *atbest* (Figure [3](#jipb12475-fig-0003){ref-type="fig"}). This finding suggests that other ions or chemical compounds enter the thylakoid lumen instead of Cl^−^. Furthermore, several aquaporins were postulated to be present in the thylakoid membrane, which may be required for rapid regulation of lumen volume following ion flux activity during photosynthesis (Beebo et al. [2013](#jipb12475-bib-0003){ref-type="ref"}). The finding that the lumen was enlarged in the *atbest* mutant suggests that, in coordination with other channels and transporters, AtBest is critical for the regulation of lumen volume.

In summary, we discovered a novel protein, AtBest, in the thylakoid using forward genetics and unraveled its physiological function in fine‐tuning of photosynthesis of higher plants. Probably by mediating the influx of Cl^−^ into the thylakoid lumen during photosynthesis, AtBest directly reduces the ΔΨ component of pmf and indirectly influences the activation of nonphotochemical dissipation of excess absorbed light, as well as thylakoid structure and, ultimately, plant fitness.

MATERIALS AND METHODS {#jipb12475-sec-0011}
=====================

Plant materials and growth conditions {#jipb12475-sec-0012}
-------------------------------------

The homozygous *atbest1‐2* (GK‐796C09) and *atbest2‐1* (SALK_114715C) mutants of *Arabidopsis thaliana* (Columbia, Col‐0) obtained from the ABRC (<http://abrc.osu.edu>) and were verified by PCR. Plants were grown in soil under a 12‐h‐light/12‐h‐dark cycle at a light intensity of 80 µmol photons · m^−2^ · s^−1^ in a growth chamber at 23 °C. To investigate the fitness of the mutant in the field, 3‐week‐old *atbest* and WT plants grown in the growth chamber were transferred to the field and grown for 2 weeks. The light intensities and temperature were recorded (Figure S5) and the Fv/Fm values of the plants were measured at 2:00 PM each day. For complementation analysis, cDNA coding regions of *AtBest1* (*At3g61320*) or *AtBest2* (*At2g45870*) were cloned into the plant expression vector pBI121. The resulting vectors were introduced into the *atbest1‐1 atbest2‐1* double mutant (also referred to as the *atbest* mutant), respectively, by the floral‐dip method (Clough and Bent [1998](#jipb12475-bib-0008){ref-type="ref"}). Transgenic seeds were selected on Murashige and Skoog medium with 50 µg/mL kanamycin, and the transformed seedlings were further confirmed by chlorophyll fluorescence analysis.

Nucleic acid analysis {#jipb12475-sec-0013}
---------------------

The *atbest1‐1* mutant gene was mapped according to the previously described method (Lukowitz et al. [2000](#jipb12475-bib-0025){ref-type="ref"}). Candidate genes in the mapped region were analyzed through high‐throughput sequencing. Total RNA was isolated from leaves using Trizol reagent (Invitrogen, <http://www.thermofisher.com>). Reverse‐transcription PCR (RT‐PCR) was carried out using gene‐specific primers, and the *ACT7* gene (*AT5G09810*) was used as an internal control. Quantitative real‐time RT‐PCR was performed using UltraSYBR Mixture.

Chlorophyll fluorescence measurements {#jipb12475-sec-0014}
-------------------------------------

Chlorophyll Fluorescence measurements were performed using an IMAGING‐PAM fluorometer or a MINI‐PAM portable chlorophyll fluorometer (Walz, Effeltrich, Germany). Fv/Fm and NPQ were calculated as previously described (Munekage et al. [2002](#jipb12475-bib-0033){ref-type="ref"}). Light intensity dependence of NPQ was measured using an IMAGING‐PAM fluorometer with a series of light intensities (21, 56, 81, 281, 531, 700, and 926 µmol photons · m^−2^ · s^−1^). The NPQ image was captured after 2 min illumination with various intensities of red light (Figure S4).

Chloroplast fractionation and immunoblotting {#jipb12475-sec-0015}
--------------------------------------------

Intact chloroplasts, thylakoid membranes, and stromal proteins were isolated as previously described (Peng et al. [2010](#jipb12475-bib-0035){ref-type="ref"}). To prepare chloroplast envelope membrane, intact chloroplasts were ruptured via a freeze--thaw cycle and pure envelope membranes were isolated by sucrose gradient centrifugation (Keegstra and Yousif [1988](#jipb12475-bib-0020){ref-type="ref"}; Froehlich et al. [2003](#jipb12475-bib-0013){ref-type="ref"}). For immunoblotting, the proteins were separated by Laemmli‐SDS‐PAGE or SDS‐urea‐PAGE and transferred to nitrocellulose membranes. Proteins were detected with specific antibodies in TTBS buffer with 1% skimmed milk and visualized by the chemiluminescence method using LuminoGraph WSE‐6100 (ATTO Corporation, <http://www.atto.co.jp/>).

ECS measurements {#jipb12475-sec-0016}
----------------

Electrochromic shift measurements were performed using the Dual‐PAM‐100 (Walz, Effeltrich, Germany) with the P515/535 module (Schreiber and Klughammer [2008](#jipb12475-bib-0041){ref-type="ref"}). Plants were dark adapted overnight and illuminated for 10 min at light intensities of 89, 325, and 754 µmol photons · m^−2^ · s^−1^. After illumination, inverse electrochromic band‐shift kinetics was recorded for 1 min. Values for pmf, ΔΨ, and ΔpH were calculated as previously described (Schreiber and Klughammer [2008](#jipb12475-bib-0041){ref-type="ref"}). The H^+^ conductivity through ATP synthase (g~H~ ^+^) was measured as previously described (Kanazawa and Kramer [2002](#jipb12475-bib-0019){ref-type="ref"}).

Other methods {#jipb12475-sec-0017}
-------------

Subcellular localization of AtBest was analyzed as described by Zhong et al. ([2013](#jipb12475-bib-0047){ref-type="ref"}). Polyclonal antibodies were raised in rabbit with purified recombinant AtBest1 (amino acids 180 to 410 of mature AtBest1). Plastid‐targeting signal (cTP) and transmembrane domains of AtBest were predicted by ChloroP analysis (<http://www.cbs.dtu.dk/services/ChloroP>) and TMHMM software (<http://www.cbs.dtu.dk/services/TMHMM-2.0>), respectively. The overall structure of AtBest1 was predicted by SwissModel (<http://swissmodel.expasy.org>) using KpBest as a template. Sequence alignment of AtBest was performed with ClustalW2. The phylogenetic tree of bestrophin superfamily proteins was constructed using the neighbor‐joining method in the MEGA5 software suite (Tamura et al. [2011](#jipb12475-bib-0043){ref-type="ref"}).
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**Figure S1**. Sequence alignment of bestrophin‐like proteins from phototrophic organisms

Sequences were obtained from GenBank (<http://www.ncbi.nlm.nih.gov/>) or Phytozome (<http://www.phytozome.net/>) (AtBest1, *Arabidopsis thaliana*, AT3G61320; AtBest2, AT2G45870; GmaBest1, *Glycine max*, Glyma03g01281; GmaBest2, *Glycine max*, Glyma07g07830; OsaBest1, *Oryza sativa*, Os03g01570; ZmaBest1, *Zea mays*, GRMZM2G114469; SmoBest1, *Selaginella moellendorffii*, XP_002962243; PptBest1, *Physcomitrella patens*, Pp1s13_344V6; CreBest1, *Chlamydomonas reinhardtii*, Cre16.g663400; SynBest1, *Synechocystis* sp. PCC 6803, sll1024) and aligned with ClustalW2. The predicted cleavage site of AtBest1 is indicated by an arrowhead above the sequence. Four transmembrane domains (TMD1‐4) are shown in boxes. Identical amino acids are shown with white letters on a black background, and similar amino acids are indicated with black letters on a gray background.

**Figure S2**. Phylogenetic tree of bestrophin superfamily proteins

Sequences of bestrophin superfamily proteins were obtained from GenBank (<http://www.ncbi.nlm.nih.gov/>) or Phytozome (<http://www.phytozome.net/>). Angiosperms, bryophytes, chlorophyta, and chordata are highlighted in green, blue, purple, and orange, respectively. Evolutionary analyses were conducted in MEGA5 using the neighbor‐joining method. Bootstrap values (1000 replicates) ≥70% are indicated beside each branch.

**Figure S3**. Levels of thylakoid proteins are unaffected in *atbest*

**(A)** Immunodetection of thylakoid proteins from wild type (WT) and *atbest* mutants. Thylakoid membrane proteins were fractionated by 15% SDS‐urea‐PAGE and immunodetected using specific antibodies. Thylakoid proteins were loaded on an equal chlorophyll basis. **(B)** Blue native polyacrylamide gel electrophoresis (BN‐PAGE) of thylakoid membrane protein complexes. Freshly isolated thylakoid membrane from WT and *atbest* mutants was solubilized with 1% dodecyl‐β‐D‐maltoside (DM) and protein complexes (10 μg chlorophyll) were separated by 5--12% BN‐PAGE. NDH‐PSI, NDH‐PSI supercomplex. **(C)** Two‐dimensional (2D) BN/SDS‐PAGE separation of thylakoid protein complexes. Complexes separated by BN‐PAGE in the first dimension **(B)** were subjected to denaturing 2D/SDS‐urea‐PAGE. Proteins were stained with CBB; the identities of relevant proteins are indicated.

**Figure S4**. Growth phenotypes and images of light intensity dependence of NPQ

Wild‐type and mutant plants were grown in the greenhouse for 5 weeks (upper) or in the greenhouse for 3 weeks and in the field for an additional 2 weeks (below). Light intensity dependence of NPQ was measured using an IMAGING‐PAM fluorometer with a series of light intensities (21, 56, 81, 281, 531, 701, and 926 µmol photons · m^−2^ · s^−1^). The NPQ image was captured after 2 min illumination with each light intensity. Signal intensities for NPQ/4 are indicated according to the color scale (0 to 1.0) on the right.

**Figure S5**. Light intensities and temperature in the field

Light intensity and temperature near IBCAS are recorded at 2:00 PM (from 20 Sept. to 4 Oct., 2015). Weather conditions for corresponding day are indicated with symbols (sunny, cloudy, and rainy).

**Table S1**. Primers used in this work

###### 

Click here for additional data file.
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